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Abstract-This paper examines the sensitivity of radar clutter
returns to variations in parameters used to describe the refractive
environment that is associated with surface-based ducts. This sup-
ports determining efficient parameters so as to minimize the search
space required in the inverse problem of inferring the refractivity
environment from observations of radar sea clutter.

First, the sensitivity of replica fields to variations in range-
independent parameters are considered. Next, variations in the
parameters with range are modeled as a Markov processes. It is
seen that either source of variation could explain variations in radar
clutter observations obtained during a surface-based ducting event
with the 3.0 GHz Space Range Radar (SPANDAR) at Wallops Is-
land, VA.

We then use the Simulated Annealing / Genetic Algorithm
(SAGA) general purpose inversion code to infer refractivity pa-
rameters from observed clutter. SAGA is configured to use an
embedded parabolic equation electromagnetic propagation model,
a four-parameter model for atmospheric refractivity, and a linear
least-squares objective function. The mismatch between (a) the
optimal replica field and the observed clutter and (b) the inferred
refractivity profile and the range-dependent refractivity structure
obtained byin situmeasurements, is discussed.

1. INTRODUCTION

Of the non-standard refractivity structures affecting horizontal radar
propagation, e.g., sub-refraction, evaporation ducts, etc., the most
spectacular effects arise from surface-based ducts [1]. A common
meteorological event giving rise to a surface-based duct is a ther-
mal internal boundary layer that forms when warm continental air
flows over a cooler ocean, leading to a refractivity structure that
resembles the model shown in Fig. 1. Surface-based ducts give
rise to effects including clutter rings in the radar’s plan position in-
dicator (PPI), height errors for 3-D radar, and contamination of au-
tomated rain-rate calculations from weather radars. A wide range
of phenomena—from gravity waves to diurnal cycles—affect how
the duct structure is realized and accurately estimating the struc-
ture over the spatial extent of a radar’s coverage is difficult.

The first description of estimating surface-based duct struc-
ture from radar clutter observations using modern tools was by
Krolik et al. [2, 3]. They formulated the refractivity-from-clutter
(RFC) problem as a maximum likelihood (ML) problem using a
vector of global refractivity parameters and log-amplitude data as
obtained from a radar. The work in this paper supports determining
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Fig. 1. Tri-linear refractivity model.

which global parameters (which can include parameters describing
range-dependency) should be used in RFC.

1.1. Modeling and inversion

From [4], the clutter powerp (in dB) in the absence of receiver
noise, can be modeled as

p(r;m) = �40 log f(r;m) + 10 log(r) + C (1)

wheref is the one-way propagation loss as modeled using the Ter-
rain Parabolic Equation Model (TPEM) [5].C is an offset that
takes into account radar parameters and the radar sea clutter cross
section (��). �� is assumed to be range-independent. Kroliket al.
found improved results by allowing some compliance for range-
dependency in��, however, it is not possible yet to draw a gen-
eral conclusion as to if, or how much compliance is useful. The
elements ofm correspond to the four refractivity parameters illus-
trated in Fig. 1.

Replica vectors are calculated from Eq. (1) to obtain,p(m) =
fpc(m; r1); � � � ; pc(m; rN)g. C is adjusted so the average power
of the replica vector (dB) has the same average power as the ob-
served clutter powerq. As with the radar data, all observed data
q below 0 dB are cut off. Therefore, when adjusting the mean,
the replica is also cut-off at 0 dB. A simple least squares objec-
tive function is used for optimization of the unknown refractivity
profile parameter vectorm:

�(m) =

NX

i=1

[pi(m)� qi]
2 = (p� q)T(p� q): (2)

2. EXPERIMENTAL DATA

Radar andin situ validation data were obtained during the Wal-
lops ’98 measurement campaign [4] conducted by the Naval Sur-
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Fig. 2. Clutter map from SPANDAR corresponding to Wal-
lops Run 12.

face Warfare Center, Dahlgren Division. The data presented here
are from the surface-based ducting event that occurred on April
2, 1998. Radar data were obtained using the Space Range Radar
(SPANDAR). The antenna height for the SPANDAR is 30.8 me-
ters and clutter maps were taken with the antenna elevation angle
set to 0�. All other parameters were set to values given in [4], ex-
cept pulse width which was set to 2�sec. A clutter map from the
ducting event is shown in Fig. 2.

Meteorological soundings were obtained by an instrumented
helicopter provided by the Johns-Hopkins University Applied Physics
Laboratory. The helicopter would fly in and out on the 150� radial
from a point 4 km due east of the SPANDAR. During the flights,
the helicopter would fly a saw-tooth up-and-down pattern. Con-
tour plots of refractivity versus range and height are shown in Fig.
3. Dark lines superimposed on the plot are the modified refractiv-
ity profiles. The waveguide can be seen in the first 100 m. The
earlier profiles show substantial range dependency.

In Fig. 4 are plotted the envelopes and median values of clutter
return data from the SPANDAR. The upper series of plots corre-
sponds to envelopes over different 5-degree sectors from the same
clutter map. Plots in the lower series correspond to envelopes over
a single 5-degree sector that were obtained at 10-minute intervals.
The horizontal broadening of the envelopes with respect to range
possibly is explained either by variations in the mean value with re-
spect to range of the parameters, or by random variations in range.

3. INVERSION

The inversion algorithm described in the introduction was initially
implemented using a range-independent refractivity model using
variations on the vertical structure described in Figure 1. That
yielded a mixture of results. We are reasonably certain that most of
the poor results stemmed from the range-dependency of the envi-
ronmental parameters, in particular, that ofzT . This led to shifting
the range where features such as clutter rings occur, a behavior that
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Fig. 3. Refractivity profiles (in M-units) sequenced in time.
The first row is observed from 13:47–15:26, middle 17:26–
19:15 and bottom 21:00–21:52. All refractivity profiles
have the same value at sea level.
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Fig. 4. Clutter return as a function of range for different
angles (top) and time (bottom). The shaded area is the en-
velope of 15 returns in a 5-degree interval and the dark line
is the median. In the top figure the 5-degree angle intervals
for azimuths centered at 125–160 degrees at time 18:00. In
the bottom figure, the time interval is 17:10–18:20.
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Fig. 5. Refractivity inversion: (a) The clutter return as observed
by the radar data (solid), the modeled return using the inverted
profile (dash), and the modeled return from helicopter sound-
ings (dash-dot). (b) Observed profiles measured from helicopter
(dashed and color-contour) and inverted profiles (solid). (c) Prop-
agation loss coverage diagram corresponding the inverted profiles.
(d) Coverage diagram based on helicopter profiles. (e) Difference
between coverage diagram d and c.

is problematic when the objective functionf(�) is the squared er-
ror. In light of that problem, the 5 parameters ofE were augmented
by Scripps Institution of Oceanography to include 6 parameters
describing the range-dependency ofzT . Those parameters cor-
responded to coefficients of the six principal components arising
from modelingzT as a Markov process with respect to range. Of
course, doing so increased the dimensionality of the problem so an
efficient search was implemented via the SAGA (Simulated An-
nealing / Genetic Algorithm) Code [6, 7] . The implementation
of SAGA using the environment description having a total of 11
parameters resulted in improved results. Each SAGA run takes on
the order of two hours; we hope to improve on this by an order of
magnitude.

A typical example of an inversion is shown in Figure 5. The
replica field (dashed) corresponding to the inverted profiles fits

some, but not all, of the intensifications and nulls in the observed
clutter data (solid). The degree of difference between the observed
and estimated clutter can be taken to suggest that not all of the
information that is available has been extracted from the clutter.
Note, however, the clutter estimate based on the helicopter sound-
ings (dash-dot) itself is an imperfect match to the observed clutter.
The propagation loss coverage diagram corresponding to the in-
verted profiles shows greater trapping in the lower 60 to 70 meters
than does the coverage diagram corresponding to the helicopter
profiles. The plot of the differences shows errors are generally less
than 10 dB within the duct, a region of large errors in the vicinity
of the top of the duct (due to the differenced in the height of the
duct), and differences of 0 to 25 dB in the “blind zone” the region
above the duct at extended ranges.

4. SUMMARY

The work on inferring refractivity parameters is in its infancy. Pre-
sumably there is an upper bound on just how much information can
be extracted from the clutter; it is surely state-dependent and may
only be possible to determine after a parameterization has been
specified. Whatever the bound is, however, approaching the bound
requires very good fits between observations and optimal replica
fields. Understanding the sensitivity of clutter to the variations of
parameters is a step in that direction.
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